The multisubunit homotypic fusion and vacuole protein sorting (HOPS) membrane-tethering complex is required for late endosome-lysosome and autophagosome-lysosome fusion in mammals. We have determined the crystal structure of the human HOPS subunit Vps33A, confirming its identity as a Sec1/Munc18 family member. We show that HOPS subunit Vps16 recruits Vps33A to the human HOPS complex and that residues 642-736 are necessary and sufficient for this interaction, and we present the crystal structure of Vps33A in complex with . Mutations at the binding interface disrupt the Vps33A-Vps16 interaction both in vitro and in cells, preventing recruitment of Vps33A to the HOPS complex. The Vps33A-Vps16 complex provides a structural framework for studying the association between Sec1/Munc18 proteins and tethering complexes. E ukaryotic cells tightly regulate the movement of macromolecules between their membrane-bound compartments. Multiple proteins and protein complexes interact to identify vesicles or organelles destined to fuse, bring them into close proximity, and then fuse their membranes, thereby allowing their contents to mix (1). Multisubunit tethering complexes modulate key steps in these fusion events by recognizing specific Rab-family small GTPases on the membrane surfaces, physically docking the membranes and then recruiting the machinery that effects the membrane fusion (2, 3).
The multisubunit homotypic fusion and vacuole protein sorting (HOPS) membrane-tethering complex is required for late endosome-lysosome and autophagosome-lysosome fusion in mammals. We have determined the crystal structure of the human HOPS subunit Vps33A, confirming its identity as a Sec1/Munc18 family member. We show that HOPS subunit Vps16 recruits Vps33A to the human HOPS complex and that residues 642-736 are necessary and sufficient for this interaction, and we present the crystal structure of Vps33A in complex with Vps16(642-736). Mutations at the binding interface disrupt the Vps33A-Vps16 interaction both in vitro and in cells, preventing recruitment of Vps33A to the HOPS complex. The Vps33A-Vps16 complex provides a structural framework for studying the association between Sec1/Munc18 proteins and tethering complexes. E ukaryotic cells tightly regulate the movement of macromolecules between their membrane-bound compartments. Multiple proteins and protein complexes interact to identify vesicles or organelles destined to fuse, bring them into close proximity, and then fuse their membranes, thereby allowing their contents to mix (1) . Multisubunit tethering complexes modulate key steps in these fusion events by recognizing specific Rab-family small GTPases on the membrane surfaces, physically docking the membranes and then recruiting the machinery that effects the membrane fusion (2, 3) .
In metazoans, the multisubunit tethering complex homologous to the yeast homotypic fusion and vacuole protein sorting (HOPS) complex (4-7) is required for the maturation of endosomes (8) ; the delivery of cargo to lysosomes (9) and lysosomerelated organelles, such as pigment granules in Drosophila melanogaster (10) ; and the fusion of autophagosomes with late endosomes/lysosomes (11) . The mammalian HOPS complex comprises six subunits (Vps11, Vps16, Vps18, Vps33A, Vps39, and Vps41) (4) (5) (6) . Homologs of HOPS components can be identified in almost all eukaryotic genomes (12) and are thought to be essential; for example, removal of the Vps33A homolog carnation (car) in Drosophila is lethal during larval development (13) .
HOPS components have been identified in animal models of human disease. A missense point mutation in the murine Vps33a gene gives rise to the buff mouse phenotype, characterized by pigmentation, platelet activity, and motor deficiencies (14) . This phenotype closely resembles the clinical presentation of Hermansky-Pudlak syndrome (HPS) (15) , and a mutation in the human VPS33A gene has been observed in a patient with HPS who lacked mutations at other known HPS loci (14) . In metazoans, there is a second homolog of yeast Vps33 called Vps33B, but disruption of the VPS33B gene in humans gives rise to a clinical phenotype distinct from HPS (16) .
Human Vps33A is predicted to be a member of the Sec1/ Munc18 (SM) family of proteins (7, 17) that, together with SNAREs, comprise the core machinery essential for membrane fusion in eukaryotes (18) . Three SNAREs with glutamine residues at the center of their SNARE domain (Q a -, Q b -, and Q c -SNAREs) and one with a central arginine residue (R-SNARE) associate to form a four-helical bundle, the trans-SNARE complex. Formation of this trans-SNARE complex by SNAREs on adjacent membranes drives the fusion of these membranes (18) . SM proteins are essential regulators of this process, promoting membrane fusion by correctly formed (cognate) SNARE complexes (18) . Although a comprehensive understanding of how SM proteins achieve this still remains elusive, it is clear that SM proteins bind directly both to individual SNAREs and to SNARE complexes (18, 19) . Most SM proteins bind strongly and specifically to an N-terminal segment of their cognate Q a -SNARE, the N-peptide, and this interaction is thought to recruit the SM protein to the site of SNARE-mediated fusion (20, 21) .
When considered as a whole, the HOPS complex has the functional characteristics of an SM protein: It binds SNAREs and SNARE complexes (5, (22) (23) (24) , and yeast HOPS has been shown to promote SNARE-mediated membrane fusion (25, 26) . Recent biochemical analysis of Vps33, the yeast Vps33A homolog, shows it to be capable of binding isolated SNARE domains and SNARE complexes but not the N-terminal domain or full cytosolic portion of the Q a -SNARE Vam3 (23, 24) . Data from the yeast HOPS complex are consistent with a model whereby Vps33 provides the SM functionality of HOPS, accelerating SNARE-mediated fusion, whereas the rest of the HOPS complex recruits Vps33 (and thus SM function) to the site of SNARE-mediated fusion (24) .
Although a recent EM study has defined the overall topology of the yeast HOPS complex (27) , atomic resolution insights into the assembly of the HOPS complex have thus far been unavailable. Here, we present the 2.4-Å resolution structure of human Vps33A, confirming its structural identity as an SM protein. We have mapped the HOPS epitope that binds Vps33A to a helical fragment comprising residues 642-736 of Vps16, solved the structure of this complex to 2.6-Å resolution, and identified mutations at the binding interface that disrupt the Vps33A-Vps16 complex both in vitro and in cultured cells.
Results
Structure of Vps33A Confirms It to Have an SM-Like Fold. Human Vps33A was expressed in Escherichia coli, purified, crystallized, and its structure was solved by single isomorphous replacement with anomalous scattering using a lead derivative. Two molecules of Vps33A are present in the asymmetrical unit, with continuous electron density being present for the entire mature protein (residues 2-596) except for the loops connecting residues 326-336, 530-543, and 269-280 (with the latter being absent in only one of the two Vps33A molecules in the asymmetrical unit). The final structure was refined to a resolution of 2.4 Å with residuals R = 0.197 and R free = 0.244 and with excellent stereochemistry, with 98% of residues occupying the most favored region of the Ramachandran plot (Table S1 ).
Vps33A adopts an SM fold ( Fig. 1) , despite sharing less than 20% sequence identity with previously characterized SM proteins. As observed for other SM proteins (28), a flexible hinge connects the N-terminal domain 1 to the C-terminal domains 2 and 3, with the orientation of domain 1 relative to domains 2 and 3 differing by 3.1°between the two Vps33A molecules in the asymmetrical unit. Domains 1 and 2 are well conserved across all SM protein structures, as are the core helices of domains 3a and 3b that pack against domain 2 and the long kinked helix that links domains 3a and 3b. The remainder of domains 3a and 3b, including the residues that contact the SNARE H abc domain (29, 30) , comprises similar secondary structural elements across SM proteins, but their orientations differ relative to those of the core helices. Structure-based phylogenetic analysis shows the SM proteins that function at the plasma membrane to be more similar to each other than they are to SM proteins that function on endomembranes, such as Vps33A (Fig. S1 ).
Superposition of Vps33A on the Monosiga brevicollis UNC18-syntaxin 1 complex reveals that, as suggested previously (31), Vps33A lacks a pocket for binding a typical Q a -SNARE N-terminal peptide ( Fig. 1 ). Structural mapping of the single amino acid mutations that give rise to the Drosophila car and mouse buff phenotypes, as well as of the mutation of the human patient with HPS, suggests that all three will most likely reduce protein stability (Fig. S2 ).
Vps33A Associates with the HOPS Complex via an Interaction with
Vps16 Residues 642-736. We sought to identify the molecular basis of Vps33A recruitment to the rest of HOPS. Because we were unable to express human HOPS components other than Vps33A in E. coli, the six proteins that comprise mammalian HOPS (Vps11, Vps16, Vps18, Vps33A, Vps39, and Vps41) were produced individually by in vitro transcription/translation tagged with an N-terminal Myc epitope. As shown in Fig. 2A , Vps16 was the only HOPS component "pulled down" by bacterially expressed Vps33A-GST.
Yeast two-hybrid interaction studies ( Fig. 2B ) showed that Vps16 "bait" (fused to the Gal4 DNA binding domain) interacted only with Vps33A and Vps18 "prey" (fused to the Gal4 activation domain). Unfortunately, the reciprocal experiment with Vps33A was impossible because fusing Vps33A to the Gal4 DNA binding domain caused autoactivation. Extensive pairwise yeast two-hybrid interaction assays ( Fig. S3 and summarized in Fig. 2C ) showed that Vps33A interacts only with Vps16. Truncation mapping in this yeast two-hybrid system showed that this interaction is mediated by the C-terminal 58-kDa region of Vps16 (Fig. S3) .
To determine the minimal region of Vps16 required for binding to Vps33A, a panel of truncated Vps16 constructs was produced by in vitro transcription/translation. Pull-down assays with Vps33A-GST as bait mapped the region of Vps16 necessary for binding to residues 642-736 ( Fig. 3 A and B) . This Vps33A binding region of Vps16 was subsequently expressed as a GST fusion in E. coli and was used as a bait to pull down recombinant Vps33A successfully, showing that Vps16 residues 642-736 are both necessary and sufficient for binding Vps33A (Fig. 3 C and  D) and that Vps33A is the only HOPS component that binds this region of Vps16 (Fig. 3C) . The Vps33A homolog Vps33B has recently been shown to interact with a protein that shares significant homology with the C-terminal region of Vps16, termed VIPAR/SPE-39/Vps16B (10, (32) (33) (34) . Fig. 3E shows that, contradictory to the work of Zhu et al. (34) but in agreement with two recent reports (32, 33) , Vps33A binds Vps16 but not VIPAR/SPE-39/Vps16B. Similarly, Vps16 residues 642-736 bind Vps33A but not Vps33B (Fig. 3E) . Yeast two-hybrid experiments also showed that VIPAR/SPE-39/Vps16B interacts with Vps33B but not with Vps33A and that the C-terminal 58-kDa region of Vps16 binds Vps33A but not Vps33B (Fig. S3) .
Structure of the Vps33A-Vps16(642-736) Complex. The Vps33A-Vps16(642-736) complex was formed by mixing purified recombinant components, purified by gel filtration, and then crystallized. The structure was solved by molecular replacement, with two molecules of Vps33A being located per asymmetrical unit. Strong difference density not attributable to Vps33A was clearly visible (Fig. S4) , and a single molecule of Vps16 was built, spanning Vps16 residues 642-736. The structure of the Vps33A-Vps16(642-736) complex (Fig. 4A ) with two molecules of Vps33A and one molecule of Vps16 per asymmetrical unit was refined to a resolution of 2.6 Å with residuals R = 0.176 and R free = 0.210 (27, 36) , with Vps33 at the opposite end of the complex from Vps39.
and excellent stereochemistry, with 98% of residues occupying favored areas of the Ramachandran plot (Table S1) .
Residues 642-736 of Vps16 form two long antiparallel helices connected by a loop segment to a bundle of three shorter antiparallel helices (Fig. 4B) . Although this fold is reminiscent of α-solenoid segments found in proteins involved in membrane trafficking, such as COP-II cage components, the PDBeFold server (35) identifies no significant structural homolog of Vps16.
Size-exclusion chromatography (SEC) with inline multiangle light scattering (MALS) showed purified Vps33A to be monomeric (Fig. 4C) . SEC-MALS analysis of the Vps33A-Vps16 (642-736) complex showed it to elute from gel filtration with a mass larger than that of a Vps33A monomer but smaller than would be expected for a 1:1 heterodimeric complex (Fig. 4C) . The observed mass of the Vps33A-Vps16 complex increased when a higher concentration of complex was injected onto the column but did not exceed that expected for a 1:1 heterodimeric complex (Fig. S5) . These experiments suggested that Vps16(642-
A single Vps16 molecule contacts four different molecules of Vps33A within the crystal. The most extensive contact is formed between the "inner" concave surface of Vps16 and domain 3b of Vps33A (Fig. 4A ). This interface buries 1,730 Å 2 of solventaccessible surface, representing 12.6% of the surface of Vps16 (642-736) and 3.3% of the surface of Vps33A. Analysis of the crystallographic temperature factors supports the identification of this as the relevant interaction interface, because atoms at this interface are better ordered than at the other Vps33A/Vps16 contact surfaces in the crystal (Fig. S6) . Site-directed mutagenesis and GST pull-down assays confirmed that this interface mediates the binding of Vps33A to Vps16 in solution (Fig. 5) . The mutation A669D or R725E severely disrupts the binding of full-length Vps16 to Vps33A-GST, whereas Vps16 mutations distal from the interaction interface do not disrupt binding (Fig.  5 A and C-E) . Equally, Vps33A with mutation K429D, Y438D, or I441K is not pulled down by GST-Vps16(642-736), whereas mutations far from the interaction interface do not disturb binding (Fig. 5 B-E) . Further, mutation of a single Vps33A residue at the interaction interface to resemble Vps33B (Y438P) disrupts its ability to bind GST-Vps16(642-736), and the Vps33A-interacting region of Vps16 is not well conserved in VIPAR/SPE-39/Vps16B (Fig. S7) .
The most significant difference between Vps16-bound Vps33A and the uncomplexed structure is that the extended helix-turnhelix of domain 3a is well ordered in crystals of the complex and could be modeled. However, this region does not interact with Vps33A-GST and then subjected to GST pull-down and immunoblotting (anti-Myc). (C) Human HOPS components produced by in vitro transcription/ translation were incubated with GST-Vps16(642-736) and then subjected to GST pull-down and immunoblotting (anti-Myc). (D) Purified Vps33A was incubated with GST or GST-Vps16(642-736) and then subjected to GST pulldown and SDS-PAGE with Coomassie staining. (E) Human Vps33A, Vps33B, and Vps16 and VIPAR/SPE-39/Vps16B were produced by in vitro transcription/ translation and were incubated with Vps33A-GST or GST-Vps16(642-736) before being subjected to GST pull-down and immunoblotting (anti-Myc). Vps16 but, instead, contacts the same region from a symmetryrelated Vps33A molecule in the crystal. This structural reorganization is therefore unlikely to be relevant for the interaction between Vps33A and Vps16. Residues 531-538 become ordered in one Vps33A molecule in the asymmetrical unit in the presence of Vps16, and residues in this loop contact Vps16 (Fig. 5C) . However, mutations of L533 or nearby residue F221, or of Vps16 residue A657, do not disrupt complex formation, and we therefore conclude that the ordering of this loop is an artifact of crystallization.
Disrupting the Vps33A-Vps16 Interaction Prevents Recruitment of Vps33A to the HOPS Complex. To investigate whether residues identified as important for the interaction between Vps16 and Vps33A in vitro are required for their interaction in cells, HeLa cell lines were generated that stably expressed N-terminally HAtagged WT or mutant (A669D or R725E) Vps16. Lysates of these cells were subjected to immunoprecipitation with an anti-HA affinity matrix (Fig. 6A) . Despite different expression levels of the HA-tagged proteins in the stable cell lines (Fig. 6A, Left) , we were able to immunoprecipitate all HA-tagged Vps16 protein variants (Fig. 6A, Right) efficiently. Although WT HA-Vps16 coimmunoprecipitated endogenous Vps33A, no interaction between mutant A669D or R725E HA-Vps16 and Vps33A was observed. Although the presence of mutations may cause overall disruption of the HOPS complex, we do not believe that the loss of interaction between HA-Vps16 mutants and Vps33A arises from a complete loss of folding, because both proteins are still competent to coimmunoprecipitate endogenous Vps18, albeit to a lesser extent than WT HA-Vps16, and can thus be successfully incorporated into the HOPS complex (Fig. 6A) .
We next investigated the residues in Vps33A that were shown to mediate Vps16 binding in vitro (Fig. 5) for a role in cells. We generated stable HeLa cell lines expressing C-terminally Myctagged WT or mutant (K428D, Y438D, or I441K) Vps33A, together with WT HA-Vps16. Lysates of these cells were used for immunoprecipitation of WT HA-Vps16 with an anti-HA matrix, and coimmunoprecipitation of overexpressed Vps33A variants was investigated by immunoblotting with an anti-Myc antibody (Fig. 6B) . Interaction of WT HA-Vps16 was observed with WT Vps33A-Myc and endogenous Vps18. However, none of the mutant Vps33A forms were coimmunoprecipitated with WT HA-Vps16, confirming that the residues K428, Y438, and I441 in Vps33A are required for the interaction with Vps16 in cells. Consistent with our yeast two-hybrid analysis, WT HA-Vps16 retained the ability to immunoprecipitate Vps18, and thus to be incorporated into the HOPS complex in the presence of mutant Vps33A (Fig. 6B) .
Discussion
The mammalian HOPS complex is a large multisubunit "tethering" complex that binds organelles together and can regulate membrane fusion with late endosomes and lysosomes. Our yeast two-hybrid and GST pull-down studies of isolated human HOPS components show that Vps33A binds only Vps16 and that Vps16 binds Vps33A and Vps18 (Fig. 2) , consistent with previous data showing interaction of yeast Vps33 and Vps16 (17, 24, 36, 37) . SEC-MALS showed that residues 642-736 of Vps16 form a complex with Vps33A that approaches 1:1 stoichiometry (Fig. 4) , similar to yeast, where 1:1 stoichiometry of Vps33:Vps16 is observed both in isolated complexes (27) and in intact HOPS (22, 27, 36, 38) . Our yeast two-hybrid data on the organization of human HOPS (Fig. S3 ) are generally consistent with the intramolecular interactions observed in a recent EM reconstruction of the yeast HOPS complex (27) , with Vps33A at the opposite end of the complex from Vps39. We therefore propose that the overall architecture of the HOPS complex is likely to be similar in yeast and mammals.
All HOPS complex components except Vps33A are predicted to have a domain organization similar to clathrin, COP-II cage components, and coat nucleoporins, with N-terminal β-propeller domains followed by extended α-solenoids (39) (40) (41) (42) (43) . Assembly of these coat components is mediated either by interactions between α-solenoid domains (40, 43) or by formation of heteromeric (blade-insertion) β-propellers (40, 42) . The majority of interactions observed in our yeast two-hybrid experiments were maintained in the absence of the predicted β-propeller domains (Fig. S3) , suggesting that α-solenoid interactions drive assembly of human HOPS.
The structure of Vps33A confirms the prediction that it lacks a pocket for binding the N-terminal peptides of Q a -SNAREs (31) (Fig. 1) . Consistent with this, neither the yeast Q a -SNARE Vam3 nor its mammalian homologs Stx7 and Stx8 possess an identifiable N peptide (31) , and two recent studies have shown yeast Vps33 incapable of binding the N-terminal segment of the Q a -SNARE Vam3 (23, 24) , contradicting a previous report (44) . Importantly, both recent studies showed yeast Vps33 capable of binding assembled SNARE complexes (23, 24) , and it has therefore been proposed that one function of the other HOPS components is to recruit Vps33, and thus SM protein activity, to the site of SNARE-mediated fusion (24) . Although the structure of an SM protein bound to a SNARE complex has yet to be determined, mutagenesis and biochemical studies have identified the SM protein surface groove between domains 1 and 2 (45) and the cleft between domains 1 and 3a (46, 47) as important for the interaction (Fig. S8) . The structure of the Vps33A-Vps16 complex shows that the Vps16 binding epitope of Vps33A lies far from proposed SNARE complex interaction sites (Fig. 5 and Fig.  S8 ), consistent with Vps33A binding Vps16 (and thus HOPS) and SNARE complexes simultaneously, although we note that we do not know how the rest of Vps16 is oriented relative to Vps33A in the full HOPS complex.
The Vps33A-Vps16(642-736) structure reveals at atomic resolution how SM proteins bind tethering complex subunits. Vps33A is not the only SM protein that associates with tethering complexes: Yeast Sec1 binds the exocyst complex via exocyst component Sec6 (48) , and yeast Sly1 binds the conserved oligomeric Golgi (COG) complex via COG component Cog4 (49) . The exocyst and COG complexes are members of the complex associated with tethering containing helical rods (CATCHR) family of multisubunit tethering complexes, which are characterized by their conserved α-helical structures (3). Although highresolution structures are unavailable for the regions of Cog4 and Sec6 that bind Sly1 and Sec1, it is interesting to note that the segment of Vps16 that mediates its interaction with Vps33A is α-helical (Fig. 4) .
The Vps16 binding interface of Vps33A lies almost exclusively on the outer surface of domain 3b (Fig. 4) . Previous studies of other SM proteins have implicated this domain not in binding SNAREs or SNARE complexes (45-47) but, rather, in mediating the vesicle tethering/docking step that precedes SNARE complex assembly and vesicle fusion. Mutations of yeast Sec1 domain 3b do not inhibit its ability to bind SNARE complexes but do prevent vesicle docking at the plasma membrane and subsequent SNARE complex formation and cause the same phenotype as observed in yeast mutant sec6-4, where exocyst function is disrupted (45) . This is consistent with mutations in domain 3b inhibiting its ability to bind the exocyst complex via Sec6 and thereby promoting vesicle docking and SNARE complex formation, although a direct link between Sec6 and Sec1 domain 3b has yet to be identified. Similarly, the interaction between yeast Cog4 and Sly1 is required for colocalization of the SNARE proteins that mediate intra-Golgi and Golgi-to-ER retrograde transport: Disrupting this interaction inhibits retrograde trafficking of cargo (49) . Although Sly1 was first characterized as modulating anterograde (ER-to-Golgi) vesicle trafficking (50, 51) , a similar retrograde trafficking defect is observed in sly1-5 mutant yeast bearing a mutation (R452A) in Sly1 domain 3b (52) . These observations are consistent with Sly1 domain 3b mediating the interaction with Cog4 in a similar manner to the Vps33A-Vps16 complex. We therefore propose that the structure of Vps33A in complex with Vps16 represents the archetypal interaction between SM proteins and tethering complexes and that the surface of domain 3b is a conserved locus for specific interactions between SM proteins and tethering complexes.
To summarize, we show that the SM protein Vps33A is recruited to the mammalian HOPS complex via an interaction with Vps16 residues 642-736. The structure of the Vps33A-Vps16(642-736) complex allowed us to design single amino acid mutations that disrupt the binding of Vps33A to Vps16, and thus its recruitment to the HOPS complex, both in vitro and in cells. This study provides a structural framework for probing the interactions between SM proteins and tethering complexes.
Materials and Methods
Protein Production and Characterization. Human full-length Vps33A and Vps16 (residues 642-736) with N-terminal (GST-Vps16) or C-terminal (Vps33A-His 10 and Vps33A-GST) tags were expressed in E. coli and purified by affinity, anion exchange (Vps33A only), and SEC using standard protocols. For crystallization, the Vps33A-Vps16 complex was formed by immobilizing GST-Vps16; adding equimolar amounts of Vps33A; liberating the complex with human rhinovirus 3C protease; and then performing SEC, with the Vps33A-Vps16 complex eluting as a single peak.
Structural Analysis. Crystals were grown in sitting drops at 20°C by mixing protein 1:1 with reservoir solutions as follows: Vps33A-His 10 (3.2 mg/mL) with 14.3 to 12.8% (wt/vol) PEG 3350 and 143 to 128 mM ammonium acetate, and Vps33A-Vps16 complex (approximately 8.7 mg/mL) with 4% (vol/vol) Tacsimate (pH 6.0; Hampton Research) and 12% (wt/vol) PEG 3350 (Hampton Research). Crystals were cryoprotected with ethylene glycol, and data were recorded at 100 K on Diamond beam line I03 (Vps33A) or I04-1 (Vps33A-Vps16) as detailed in Table S1 . The structure of Vps33A was solved by four-wavelength anomalous dispersion analysis of a lead acetate derivative, and the complex structure was solved by molecular replacement using Vps33A as a search model. Final refinement statistics for both structures are shown in Table S1 .
Interaction Assays. Details for SEC-MALS, yeast two-hybrid, GST pull-down, and coimmunoprecipitation are provided in SI Materials and Methods.
